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Abstract 
The discovery of aa3-type cytochrome-c oxidase in cyanobacteria is briefly reviewed, starting with earlier experiments on whole cells, 
intact spheroplasts and crude membrane preparations, eventually culminating in the isolation and purification of the enzyme from 
Anacystis and Synechocystis. The most prominent feature of cyanobacterial cytochrome oxidase as identified in 25 different strains and 
species, is its striking similarity to the mitochondrial enzyme. The purified preparation, however, contains four major and a minor subunit 
only. In Synechocystis the e proteins are encoded by a cta operon comprising mitochondria-like ctaC-D-E genes (encoding subunits II, I 
and III), an off4 whose putative gene product (44 amino acids) is not related to other small bacterial subunits IV, and a ctaF gene which 
may code for subunit IV (187 amino acids, one or two transmembrane helices). This subunit is also detected in the isolated enzyme by 
specific immunological cross-reaction towards nuclear-encoded subunits IV ( > 50% amino acid similarity with yeast). Subunit IV of the 
cyanobacterial cytochrome-c oxidase exhibits amino acid domains very similar to adenylate-binding proteins and may thus explain the 
regulation of the enzyme by ATP and ADP. The liposomal enzyme also pumps protons with a H+/e - ratio close to 1. The aaa-type 
cytochrome oxidase of cyanobacteria c n reside in both plasma and thylakoid membranes relative shares critically depending on the 
species and on growth conditions. In micro-aerophilic growth conditions heme A can be partly replaced by heine O without any change in 
the function of the enzyme which is always a cytochrome-c, and not a quinol, oxidase. 
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1. Introduction 
More than three billion years ago the advent of primor- 
dial cyanobacteria marked a decisive turning point in the 
evolution of life on our planet. Starting to introduce free 
oxygen into a previously anoxic biosphere and atmosphere 
[1-4] by way of their unique oxygenic, plant-type photo- 
synthesis [5-8], it was the cyanobacteria that gave rise to 
the evolution of all higher forms of life starting from 
primitive eukaryotes up to the very Homo sapiens, all of 
which essentially depend on free oxygen. Since the cyano- 
bacteria were the first to produce 0 2 they also must have 
been the first to sense it. And as 0 2 is highly toxic to strict 
anaerobes even nowadays [9], the cyanobacteria first had 
to find a way how to balance between death and life 
through oxygen. Thus it is likely that they not only pro- 
duced the first 0 2 but also were (among) the first to utilize 
it. Gradual modification of pre-existing photosynthetic 
electron transport and enzyme systems could rather easily 
* Corresponding author. Fax: +43 1 3104597. 
0005-2728/96/$15.00 © 1996 Elsevier Science B.V. All rights reserved 
PII S0005-272 8(96)00045-X 
have changed a photosynthetic into a respiratory chain, or 
an oxidative pentose phosphate cycle into a Calvin cycle 
('conversion hypothesis', see Refs. [6,10]). The key en- 
zyme of a respiratory chain is the terminal oxidase and in 
all aerobic organisms this is either a cytochrome-c or a 
quinol oxidase [11,12]. In contrast o the wealth of knowl- 
edge on the mammalian and almost all other (including 
bacterial) terminal oxidases, amazingly little is known 
about the respiration of cyanobacteria. 
The work my laboratory has been able to contribute to 
our knowledge of cyanobacterial bioenergetics during the 
last twenty-five years was previously reviewed in Refs. 
[13-18]. In the following, therefore, I will only briefly 
highlight those of our results which, from our start with 
intact cells up to the isolation and genetic characterization 
of the cyanobacterial cytochrome oxidase, have established 
after all that cyanobacteria plainly do possess the potential 
of synthesizing and accommodating a physiologically sig- 
nificant aa3-type cytochrome-c oxidase in both plasma and 
thylakoid membranes. In particular, the older (whole cell) 
results will not be discussed in detail but itemized only 
while the more recent findings on the isolated enzyme and 
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the cta operon, only part of which has been published so 
far in full length, will be dealt with more comprehensively. 
2. Studies on whole cells and crude membrane prepara- 
tions 
Fig. 1 anticipates the comprehensive scheme of bioener- 
getic membrane functions in a typical cyanobacterial cell. 
Up to the late sixties of our century a cyanobacterium, 
though a light-harvesting organism par excellence, essen- 
tially was a Black box to biochemists [19]. Even the mere 
significance of respiration was established rather late [20- 
22]. Yet it was known, from extensive lectron-micro- 
scopic studies [23], that these organisms contain two types 
of intracellular membranes, the cytoplasmic or plasma 
membrane (CM) and the intracytoplasmic or thylakoid 
membrane (ICM). Recent data from immunoblotting of
proteins extracted from isolated and separated membranes 
[24-28], as well as ultracytochemical results from im- 
munogold labeling [29-32] are in accordance with Fig. 1. 
Direct physical continuity between CM and ICM could 
never be proven [33,34] but rather loose attachment, and 
even communication, sites in the sense of 'thylakoid cen- 
ters' [35-37] were demonstrated. However, as long as a 
clear biochemical (= necrochemical) separation of CM 
and ICM, with full retention of in vivo activities, had not 
been achieved, the intracellular localization of bioenergetic 
functions measured on whole cells and crude membrane 
preparations remained open to discussion. 
Earlier experimental evidence for the localization of 
aa3-type cytochrome oxidase in both CM and ICM as 
derived from studies on intact cells and crude membrane 
preparations (discussed in [14-17]): (a) ultracytochemistry 
with tellurite and tetranitroblue t trazolium chloride and 
diaminobenzidine as artificial electron acceptors and 
donors, respectively. (b) Reversible photo-oxidative 
bleaching which led to 'white' cells devoid of thylakoids 
as judged from electron micrographs, yet retaining intact 
CM and substantial respiratory activity. (c) Distinct Arrhe- 
nius discontinuities (indicating different lipid phase transi- 
tion temperatures) for photosynthetic and respiratory elec- 
tron transport reactions in crude membranes. (d) Fast 
oxidation of horse heart, yeast and other c-type cy- 
tochromes by crude membranes, highly sensitive to KCN, 
NaN 3 and CO, and following Smith-Conrad-type kinetics 
[38] and a BriSnsted-correlation between the cytochrome's 
IEP and the rate of its oxidation in the presence of elevated 
ionic strength [39,40]. (e) Oxidation of exogenous c-type 
cytochromes by intact spheroplasts, with a H+/e - ratio 
close to 1 and independent of the cytochrome used. (f) 
Proton ejection from respiration-pulsed cells and sphero- 
plasts, accompanied by the building-up of a trans-CM 
p.m.f., with only partial sensitivity to dicyclohexyl carbo- 
diimide or o-vanadate, inhibition by KCN and CCCP 
always being much stronger [41]. (g) An efficiency of 
oxidative phosphorylation i  O2-pulsed cells which ap- 
proached 3 only in the strict absence of Na ÷. Notwith- 
standing the (still unrevealed) role of Na + for the photo- 
synthetic growth of cyanobacteria, the results reflected the 
competition of CM-bound ATP synthase and Na+/H+-an- 
tiporter for the p.m.f, built up by a likewise CM-bound 
H+-translocating respiratory chain including in particular 
the H+-pumping cytochrome oxidase. (h) Strikingly differ- 
ent inhibition/uncoupling profiles of whole cell respira- 
tory and photosynthetic electron transport reactions, re- 
spectively, towards added fatty acids of different chain 
length and degree of unsaturation [42]. 
3. Studies on separated and purified CM and ICM 
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Fig. 1. Schematic representation f the localization of electron/proton 
transport components in plasma (CM) and thylakoid (ICM) membranes of
a cyanobacterium (Anacystis nidulans). PSII, PSI, photosystem II and I; 
PQ, plastoquinone; fd, ferredoxin; FNR, fd-NADP reductase; c-550, 
soluble cyt c-550; c 6, soluble cyt c-554 (may replace plastocyanin); DH, 
NADH dehydrogenases, NDHI boxed, NDH2 circled; AP, proton-sodium 
antiporter. Immunoblotting on isolated membranes and immunogold la- 
beling on thin-sectioned cells are in accordance with Fig. 1 (see the text). 
The successful preparation of isolated and separated 
CM and ICM from cyanobacteria, which was indepen- 
dently achieved in the groups of Norio Murata [43-45] and 
myself [24,25,46-50], represented a major breakthrough 
for cyanobacterial biochemistry and biophysics. Despite 
certain controversies atthe beginning [24,25,51,52], it has 
become clear by now that: 
(a) Cyanobacterial thylakoid membranes (which repre- 
sent 80-90% of the membrane inventory of a cyanobacte- 
rium) are the classical 'photosynthetic lamellae' of cyano- 
bacteria [23]. They are photosynthetically competent and 
contain all of the cellular chlorophyll. Phycobilisomes 
(made up of phycobiliproteins representing the light- 
harvesting or antenna complexes [5]) are attached to the 
ICM exclusively. (The only exception is Gloeobacter vio- 
laceus which does not contain thylakoids at all and, hence, 
must contain its photosynthetic pigments in/at the CM; 
see Ref. [53]). Usually, cyanobacterial ICM contain a 
dual-functional photosynthetic-respiratory electron trans- 
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port chain (see Fig. 1), basically similar to the situation in 
facultatively respiring, anoxygenic photosynthetic bacteria. 
Consequently, also in cyanobacteria espiration is inhibited 
in the light while photosynthesis may be inhibited by 
oxygen. This reciprocal relationship could be demonstrated 
with isolated ICM from several cyanobacteria [54,55]. 
ICM-bound electron transport components common to both 
respiration and photosynthesis, viz. the plastoquinone- 
cytochrome-c/plastocyanin sequence, which had already 
been invoked early in the history of modern cyanobacteri- 
ology [56,57], are a firm part of our present knowledge of 
cyanobacterial bioenergetics ( ee Fig. 1). Still less clear is 
the situation of soluble electron shuttles between the cy- 
tochrome b6f complex and P700 (in photosynthesis) or the 
cytochrome oxidase (in respiration). For a comprehensive 
discussion of the possible role of soluble c-type cy- 
tochromes and/or plastocyanin cyanobacteria see Ref. 
[58]; also see Refs. [59,60], and Fig. 1. 
(b) Cyanobacterial p asma membranes are devoid of 
chlorophyll and photosynthetically incompetent. However, 
they were shown to contain minor amounts of biosynthetic 
precursors of chlorophyll [47], similar to chloroplast enve- 
lope membranes [61]. Cyanobacterial CM seems to be in 
contact, in vivo, with ICM through so-called thylakoid 
centers [35-37]. Under special circumstances such thyl- 
akoid center membranes can be physically isolated and 
biochemically characterized as a third individual mem- 
brane fraction [37]. Most importantly, however, cyano- 
bacterial CM accommodate a complete respiratory chain as 
was first seen from their capacity to oxidize added ferro- 
cytochrome c and NAD(P)H at the expense of 02 and 
ferricytochrome c, respectively [40,46,49,62]. The predom- 
inant respiratory quinone also in CM is plastoquinone [51 ], 
with phylloquinone probably fulfilling some supplemen- 
tary (respiratory) function [63]. The presence of aa3-type 
cytochrome oxidase in cyanobacterial CM can be taken for 
granted by now [25,30,32,40,46,47,49] though it should be 
emphasized that relative shares of the terminal oxidase in 
CM and ICM are different from species to species [62] 
and, in one and the same species, may greatly vary in 
response to growth conditions (in particular: stress condi- 
tions [25,31,48,50]) which is not very surprising among 
bacteria. Clearly, respiration as a decisive life-supporting 
process also in phototrophic organisms makes sense only 
when light is limiting or absent, or when photosynthesis is 
(temporarily) inhibited in stress conditions [31,48]. Thus 
also when studying cyanobacterial respiration it is not very 
wise to take the cells from photosynthetically optimally 
energized cultures as might initially have been done by 
plant physiologists such as Murata [51,52]. 
Summing up, the cyanobacterial CM does contain a 
respiratory chain with components, part of which (viz. 
NAD(P)H dehydrogenase, plastoquinone, cytochrome brf 
complex, aa3-type cytochrome oxidase) are identical, both 
kinetically and immunologically, to the dual-functional 
components in ICM ('circled DH' and b6f in Fig. 1). 
Another part, however, functionally identical, yet immuno- 
logically quite different [28], appears to comprise 'mito- 
chondria-like' multi-subunit NADH dehydrogenase [26] 
and cytochrome bc 1 complex [28,64] ('boxed DH' and bc 1 
in Fig. 1). The latter two electron transport complexes, in 
contrast to the (predominantly) thylakoid-contained bacte- 
ria- or chloroplast-like one-subunit NAD(P)H dehydro- 
genase (NDH2 enzyme) [65] and cytochrome b6f complex 
[64], are strikingly sensitive to the classical inhibitors 
rotenone (or piericidin A) and antimycin A, respectively 
[26,28,64]. Again referring to Fig. 1, therefore, a dual- 
functional, respiratory-photosynthetic electron flow chain 
appears to reside in the chlorophyll-containing cyano- 
bacterial ICM, while a 'dual-structural', purely respiratory 
electron transport assembly appears to reside in cyano- 
bacterial CM. Nevertheless it should not be forgotten that 
the overall contribution of cyanobacterial ICM to the 
bioenergetics of the whole cell is necessarily at least ten 
times the contribution by CM simply because the per-cell 
amount of the latter is much lower. However, the specific 
importance of the CM, particularly for stress defense 
strategies [31,48], must not be neglected. 
4. Studies on the isolated and purified cyanobacterial 
cytochrome oxidase 
Small quantities of cyanobacterial cytochrome-c oxi- 
dase were recently isolated and purified from pooled frac- 
tions of n-octyl glucoside solubilized CM of A. nidulans 
and Synechocvstis 6803 by repeated affinity chromatog- 
raphy on immobilized yeast cytochrome c and antibody 
raised against subunit I of the Paracoccus enzyme. Optical 
difference spectra of the preparations gave peaks at 604, 
558 and 440 nm (592, -, and 430 nm in the presence of 
kD 
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- -29 .0  
20.1 
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Fig. 2. Immunoblotting of the isolated and purified cytochrome oxidase 
from Anacystis nidulans. Lane 1, dissociating SDS Gel stained with 
Coomassie blue. Lanes 2-5, immunological cross-reactions of the gel- 
separated subunits with monospecific antibodies raised against subunits 
I-III (lanes 2-4) of cyt-c oxidases from Paracoccus denitrificans or rat 
liver mitochondria (leading to identical results) and against subunit IV 
(lane 5) of rat liver mitochondria. Lane 6, molecular weight marker 
proteins. For details see Refs. [25,28]. 
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Fig. 3. Schematic representation f the entire cta operon of Synechocystis 6803. Vertical numbers below the bar indicate consecutively numbered base 
pairs of the operon. Horizontal numbers ( * ) give total numbers of amino acids deduced from the respective coding region. For more details see the text. 
CO); the oxidized enzyme gave a broad peak around 840 
nm and a signal of g = 2.02-2.03 in EPR spectra, as 
expected from Cu a (also see Ref. [50]). Refined ICP-AES 
analysis yielded a ratio of 1.3-1.5 Cu/Fe and 0.3-0.5 
Mg/Fe. Ca, Zn and Mn were not detected. Consistent data 
were also obtained for the enzymes from Anabaena 7120 
and Nostoc 8009. SDS-PAGE of the oxidase preparation 
from Anacystis resolved four protein bands with apparent 
molecular masses of 55, 32, 17.6 and 15.3 kDa, respec- 
tively, tentatively identified with subunits I, II, III and IV 
(Fig. 2). (M r values of the respective Synechocystis sub- 
units are 59, 32, 36 and 19 kDa). Interestingly, all of these 
polypeptides, even the putative COIV, specifically cross- 
reacted with antibodies raised against beef heart or Para- 
coccus cytochrome-c oxidase [28]. 
Oxidation of horse heart ferrocytochrome-c by proteo- 
liposomes reconstituted with cytochrome oxidase from 
Anacystis and Synechocystis, and preloaded with (origi- 
nally) 3 mM adenylates during preparation, was repro- 
ducibly inhibited 30-50% by ATP but stimulated 2- to 
3-fold by ADP, while AMP and glucose-6 phosphate used 
as controls had negligible effects ([66,67]; also see Ref. 
[68]). Induction of cytochrome c oxidation by the proteo- 
liposomes effected net acidification of the external medium 
corresponding to H+/e ratios close to 1 as had been 
shown before with intact spheroplasts [69,70]. A more 
detailed account on isolation and characterization of 
cyanobacterial cytochrome oxidase will be published else- 
where. 
A final peculiar feature of the cyanobacterial cy- 
tochrome-c oxidase in vivo is its ability to combine with 
either heme A or heme O depending on the concentration 
of oxygen available [71-73]. This promiscuity of heme 
groups [74] in cyanobacteria does not affect he function of 
the enzyme which remains a cytochrome-c oxidase, even 
when heme O (the biosynthetic precursor of heine A) 
replaces heme A in the high-spin O2-reducing Fe/Cu B 
center of the enzyme, i.e., under low oxygen tension 
[72,73]. 
5. The cyanobacterial cta operon 
Fig. 3 shows schematically the structure of the cta 
operon of Synechocystis 6803. A discussion of part of this 
operon was presented previously [75-77]. Correspondence 
with another cyanobacterium, Synechococcus vulcanus 
[78], the second one so far investigated, is satisfactory. No 
ctaF gene, however, was reported for S. vulcanus [78]. The 
putative ctaF gene product of Synechocystis 6803 com- 
prises 187 amino acids with 51.5% identity to the yeast V~ 
protein, viz. subunit IV [79]. The deduced protein may 
have one or two trans-membrane h lices as judged from 
hydropathy plots. The putative membrane arrangement of
subunits I- IV of the Synechocystis cytochrome-c oxidase 
as derived from hydropathy plots [75] and a comparison 
with other cytochrome oxidases [12,78] will be published 
elsewhere. Synechocystis COIV exhibits three amino acid 
sequence regions with close similarity to adenylate-binding 
proteins, viz. the so-called Walker A and B consensus 
sequences of ATP synthase and a characteristic adenylate 
kinase region [80,81]. To my knowledge no other bacterial 
cytochrome oxidase has so far been reported to contain a 
mitochrondria-like subunit IV. Yet, this subunit could well 
be responsible for the observed energy-charge-regulation 
of both mitochondrial [82,83] and cyanobacterial [66-68] 
cytochrome oxidase. 
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